The red protein was detected in buttermilk86), and it was also isolated from human milk52,84).
Lactoferrin has attracted the attention of many researchers because it shows a broad range of biological functions related to the host defense system of humans and other animals, as reviewed in many journals22,25,26,50,73,90,91,98,106). These include antimicrobial and antiviral activity, immunomodulatory and anti-inflammatory properties, antitumor/antimetastatic activity, cell growth-promoting activity and regulation of granulopoiesis, regulation of iron absorption in the gut, and antioxidant activity including inhibition of superoxide and hydroxyl radical formation. With respect to its immunomodulatory and anti-inflammatory properties, activities attributed to lactoferrin include stimulation of colony stimulating factor (CSF) production, stimulation or suppression of the primary antibody response, induction of cell motility, enhancement of aggregation and adherence of polymorphonuclear leukocytes (PMN), promotion of granulocyte-mediated cytotoxicity, inhibition of platelet aggregation and thrombus formation, modulation of complement activation, enhancement of macrophage phagocytosis and cytotoxicity, enhancement or inhibition of natural killer (NK) cell activity and antibody-dependent cell-mediated cytotoxicity (ADCC) and the mixed lymphocyte reaction. This article provides an outline of the biochemical characteristics of lactoferrin, some of its functional properties, and practical applications. Lactoferrin (Lf), transferrin (Tf) and iron (Fe) concentrations in the milk of various animals78). Lactoferrin concentrations of each animal's milk are in the text. Transferrin concentrations in milk are: rabbit and rat, >2mg/ ml; mouse, 0.2-2mg/ml; cow, goat and pig, 0.02-0.23mg/ml; human and dog, <0.05mg/ml. Iron Localization and concentrations of lactoferrin Lactoferrin is present in the milk of various mammals and in other secretions such as tears, saliva, synovial fluid, and also in the secondary granules of neutrophils and blood. The lactoferrin concentration is higher than 2mg/ml in human milk87) and is in the range of 0.02-0.2mg/ml in bovine milk78,126) and in goat and pig milk78) as shown in Fig. 1 . The lactoferrin concentration in guinea-pig, mouse and horse milk is in the range of 0.2 to 2mg/ml, and that in rat, rabbit and dog milk is lower than 0.05mg/ml78).
Colostral milk contains more lactoferrin than mature milk. Examples of the lactoferrin content of milk in various stages of lactation are shown in Fig. 2 . The lactoferrin concentration in bovine milk in the nonlactating period is also high (1 to 8mg/ml121)).
It should be noted that lactoferrin is the second most abundant whey protein in human milk as shown in (upper) and bovine milk (lower). The total protein concentration in human milk is 1.0g/100ml and that in bovine milk is 3.2g/100ml.
fluids are shown in Table 1 .
Isolation and assay of lactoferrin Acid-precipitated casein has been used as the starting material for isolation of lactoferrin from bovine milk37). However, the whey fraction of milk or colostrum is a better source to obtain lactoferrin on a laboratory scale63) and cheese whey is another source used to obtain lactoferrin on a large scale. As the isoelectric point of lactoferrin is alkaline, cationexchange chromatography has been used to isolate lactoferrin.
Other methods used include affinity chromatography with immobilized materials such as lactoferrin antibody57), or single-stranded DNA47).
Also, metal-chelate affinity chromatography45) and hydroxyapatite column chromatography51) have been used to purify lactoferrin.
Care should be taken to test for contamination by lipopolysaccharide (LPS) prior to examining the biological activities of the isolated lactoferrin, as LPS is known to be a potent inflammatory mediator100).
To assay the lactoferrin concentrations in secretory fluids or serum, ELISA and other immunochemical techniques such as single radial immunodiffusion and immunoelectrodiffusion methods have been employed using anti-lactoferrin antiserum.
In order to measure the lactoferrin concentrations in dairy products such as cheese, treatment at pH4 to release lactoferrin bound to casein is necessary. The extinction coefficients at 280nm and 465nm117) (see Table 2 ) can be used in quantification of lactoferrin when the sample solution contains no other substances which show absorbance at these wavelengths.
Structure of lactoferrin Primary structure: Metz-Boutigue et al.81) pointed out that lactoferrin is a member of the transferrin family of proteins, as these proteins show a high degree of similarity in terms of amino acid sequence and conformation.
Human lactoferrin has a molecular weight of 82.4 kDa81) and is composed of 70281) or 69296,99) amino acid residues. Bovine lactoferrin has a molecular weight of 83.1 kDa and is composed of 689 amino acid residues80,95). The carbohydrate content of lactoferrin has been reported to be 7 to 11.5%.
Heterogeneity of lactoferrin has been observed by SDS-polyacrylamide gel electrophoresis.
In the case of human lactoferrin, it is reported that three forms can be isolated from commercially available lactoferrin by ion-exchange chromatography and this is due to deletions of the N-terminal part140). The amino acid sequence of bovine lactoferrin has been determined through cDNA sequence analysis51,95) and that of human lactoferrin has been determined through both peptide analysis81) and cDNA sequence analysis96 The lactoferrin molecule is composed of 2 lobes, the N-lobe and the C-lobe, each of which is composed of 3 domains14), and the 2 lobes are connected by a helical chain. A comparison of the sequences of the 2 halves of human lactoferrin (1-338, 339-703) shows 125 identical amino acid residues in corresponding positions (37%)81). Each lobe has an iron-binding site in a cleft and the diameter of the iron-binding
It is known that apo-lactoferrin is more flexible than iron-saturated lactoferrin4). Separation of the N-and C-terminal halves (lobes) has been performed by many researchers. However, there are some difficulties involved in obtaining the intact N-lobe because one of the peptide bonds (K282 -S283) in the N-lobe is very susceptible to trypsin digestion115). After cleavage by trypsin, the two lobes bind to each other noncovalently as trypsin-nicked forms, as reported in the case of ovotransferrin49).
The functional difference between the N-lobe and The schemes of preparation of iron-free (apo-) and iron-saturated (holo-) lactoferrin. Iron-free or apo-lactoferrin is prepared by dialysis against citric acid solution (pH 2) or EDTA solution (neutral pH). Iron-saturated or holo-lactoferrin is prepared by dialysis against outer solution containing iron ion. Another method to separate excess iron ion by affinity chromatography using immobilized heparin column from lactoferrin-iron ion mixture. the C-lobe is another interesting aspect. It is reported that the N-terminal domain of human lactoferrin is responsible for binding to receptors on phytohemagglutinin-stimulated lymphocytes from human peripheral blood and receptors on T-lymphocytes101). Also, it has been observed that intact lactoferrin, but not the isolated C-lobe, binds to Trypanosoma cruzi116).
Other physico-chemical and biochemical properties: Iron-saturated lactoferrin (holo-lactoferrin) shows an absorption spectrum with a peak around 465nm. The extinction coefficients of bovine and human lactoferrin are shown in human and equine lactoferrin>bovine lactoferrin> bovine transferrin114). To generate apo-lactoferrin, which is free of iron ions, dialysis against 0 .1M citric acid (pH2.0) or dialysis against EDTA solution at neutral pH is performed (Fig. 5) The LPS binding site in the lactoferrin molecule has been reported to be located in the N-terminal part of lactoferrin33). It is proposed that the binding of lactoferrin to DNA occurs under stringent conditions with distinct sequence specificity , and the interaction between lactoferrin and these sequences intracellularly is considered to lead to transcriptional activation42) . Lactoferrin receptors: Lactoferrin binding proteins have been found on the small-intestinal brush-border membranes of the mouse and piglet44,56,79) , on the amniotic membrane92) and on the surface of cells67) such as hepatocytes, erythro-leukemic cells , monocytes, peritoneal macrophages, activated T-cells , platelets as listed by Brock26) and on the surface of various microorganisms110). It is reported that the Nterminal fragment (residues 3-281) , CFQWQR-NMRKVRGPPVSC (residues 20-37) or KRDS (residue 39-42) of human lactoferrin are recognized by platelets and serve to inhibit agglutination68). The (Table 3) , and some kinds of parasites. Lactoferrin is known to act synergistically with lysozyme28) and IgA3) in various secretory fluids. The bacteriostatic effects of lactoferrin are thought to be due to its ability to sequester environmental iron8) because some kinds of bacteria, such as E. coli, secrete chelators to enhance iron uptake. However, apo-lactoferrin has been
shown to bind to the outer membrane of Gramnegative bacteria, causing the release of LPS and direct destruction of the bacterial cells34). The part responsible for this bactericidal activity is considered to be in the N-lobe of lactoferrin, not the C-lobe, as described in the next section. However, it seems reasonable to consider that the C-lobe might serve an antimicrobial function dependent on iron-binding.
In the study summarized in of these peptides was found to be ten to one-hundred times stronger than that of undigested lactoferrin. These active peptides display broad-spectrum antibacterial properties and lactoferricin B shows stronger antimicrobial activity in vitro than lactoferricin H17). Lactoferricin has been shown to have an affinity for cell membranes and may exert its lethal effect by disruption of essential membrane functions.
It binds directly to LPS and disrupts the permeability barrier of the outer membrane of Gram-negative bacteria and the cytoplasmic membrane. The sequence "RRWQWR" is essential for the antimicrobial activity of lactoferricin B135) and the residues W and R play a major role in determining the membrane-bound structure of lactoferricin as shown by NMR and fluorescence spectroscopy109). In water, this peptide structures, as determined by circular dichroic spectra analysis.
When heparin was added to the lactoferricin solution, a reversible conformational change was observed117).
Antiviral activity: Evidence suggests that lactoferrin contributes to the host defense against viral infections.
It has been reported that lactoferrin is effective against hepatitis C virus (HCV)129,151) herpes simplex virus (HSV)39), feline immunodeficiency virus (FIV)107), human immunodeficiency virus (HIV)-1 and human cytomegalovirus40).
With respect to the anti-HCV effect of lactoferrin, oral administration of bovine lactoferrin (1.8 to 3.6g/day) was found to result in a decrease in serum alanine transaminase and HCV RNA concentrations in 4 of 7 patients130).
These effects are thought to be attributable to the interaction between lactoferrin and an HCV envelope protein130) or between the glycan chains of lactoferrin and HCV139).
Bio-active peptides derived from lactoferrin: Peptides derived from lactoferrin show various biological activities. A bacteriostatic agent was found in a pancreatic digest of lactoferrin or transferrin after heating in the presence of sodium thioglycolate and it inhibited the outgrowth of Bacillus cereus T spores31). Lactoferricin B has been found to induce apoptosis in tumor cells (THP-1 cells) via a pathway involving the production of intracellular reactive oxygen species and regulation of the cell cycle152). Moreover, peptides (YLGSGY, RYYGY and KYLGPQY) displaying opioid antagonist activity have been isolated from human lactoferrin132). Peptides with angiotensin I converting enzyme inhibitory activity have also been found. A peptide (AEIYGTKESPQTHYY, 79-93) with cell growth-stimulating activity was isolated from a hydrolysate generated by pepsin digestion of bovine lactoferrin and the peptide showed effects in combination with epidermal growth factor (EGF) on DNA synthesis in a rat intestinal epithelial cell line38).
Antiinflammatory and immunomodulatory properties: It is known that lactoferrin modulates inflammatory responses directly, albeit by mechanisms that as yet remain unclear.
Lactoferrin has been shown to regulate the production and release of various cytokines such as interleukin (IL)-1, IL-2 and Anti-cancer activities: Administration of bovine lactoferrin has been found to be effective in reducing the number of adenocarcinomas in the large intestine chemically induced in rats137), and in inhibition of tongue carcinogenesis in rat131), and in suppression of the spontaneous development of jejunal polyps in mice137), and in inhibition of lung metastasis of colon carcinoma cells in mice137). It has been proposed that these effects may be due to an increase in cytotoxic cells in peripheral blood. It has also been reported that lactoferrin is effective in inhibition of the growth of transplantable solid tumors in mice inoculated with v-ras transformed fibroblasts or in mice with methylcholanthreneinduced fibrosarcoma, and in inhibition of lung colonization (experimental metastasis) by melanoma cells in mice18). Iron-saturated and apo-lactoferrin exhibit comparable levels of tumor inhibition and antimetastatic activity, whereas transferrin appears to have no effect on lung colonization.
Subcutaneous administration of bovine apolactoferrin or lactoferricin B, but not human apolactoferrin or bovine holo-lactoferrin, results in significant inhibition of lung metastasis of melanoma and lymphoma cells as demonstrated in experimental and spontaneous metastasis models in mice152). Interestingly, it has been observed that a diet of milk, skim milk, soy milk or synthetic infant formula reduced lung colonization and addition of bovine lactoferrin to these diets further reduced lung colonization21).
Antioxidant activity: The generation of hydroxyl radicals by the xanthine-xanthine oxidase reaction has been shown to be increased by iron-saturated lactoferrin15). Superoxide generation in the NADPH oxidase reaction of NADPH-cytochrome P-450 reductase was increased in the presence of lactoferrin and the liberation of iron from lactoferrin was proven through the use of bathophenanthroline and by the demonstration of bleomycin-dependent DNA degradation89). The antioxidant activity of lactoferrin has been attributed to its sequestration of free iron ions. Apo-lactoferrin sequesters any free iron in secretions, so it may protect mucus glycoproteins from active oxygen species generated in iron-catalyzed reactions29). It is expected that such mucoprotective action would be overcome during infections.
The suppression of lipid peroxidation has also been observed118) Cell growth-promoting activity and regulation of myelopoiesis: Lactoferrin is known to act as a negative feedback regulator of myelopoiesis27), and as a growth factor for human lymphocytic cell lines in serum-free medium41). It is reported that human lactoferrin has greater growth stimulatory activity than human transferrin41). Also, lactoferrin shows promotion of nerve growth factor synthesis and secretion in mouse fibroblast L-M cells119) and promotes endometrial cell proliferation149).
Lactoferrin metabolism, pathology and clinical applications It has been confirmed that lactoferrin ingested as a component of mother's milk by preterm infants is excreted in the baby's urine48). Iron-saturated lactoferrin may serve a nutritional function as a source of iron or lactoferrin may regulate iron absorption. It is reported that the clearance of lactoferrin intravenously injected into mice is due to a hepatic receptor that specifically binds oligosaccharides conother hand, another mode of recognition of human lactoferrin, which is avidly taken up by the mouse liver, has been proposed. It is suggested that the integrity of the protein moiety of lactoferrin is required for its effective uptake by the liver82). The effectiveness of bovine lactoferrin in prevention of intestinal infections and in inhibition of bacterial translocation from the gut lumen into host tissues has been demonstrated in experiments using mice134). Also, orally administered lactoferrin has been reported to have anti-dermatophytic effects148). Regulation of the activity of heparin proteoglycan-bound mast cell chymase by lactoferrin has been reported, and it was found that dermatan sulphate, chondroitin sulphate and hyaluronan are not effective in binding lactoferrin94) Three independent genetic lines of lactoferrin knock-out mice from independently targeted embryonic stem cell clones have been generated in order to study the roles of lactoferrin in embryonic development and physiological homeostasis30). The prevention of preterm delivery by lactoferrin through its regulation of IL-6 production has been observed103). It is expected that human lactoferrin will be useful as an active component of eye drops for treatment of dry eye symptoms and to cure the injured horny coat of the eye because lactoferrin accounts for about 27% of the total protein in tears and the lactoferrin/albumin ratio is about 2. 1. 138) Treatment of animals and fish with lactoferrin It is well-known that the lactoferrin concentration in quarter milk is significantly higher in cows with clinical mastitis121). Especially, lactoferrin levels in quarter milk from cows with E. coli peracute mastitis have been found to be significantly lower than those in the case of cows with infections caused by various other pathogens55). The concentration of lactoferrin in milk from cows with mastitis is 0.85mg/ml on average (range 0.3-2.3mg/ml). Moreover, trials aimed to cure mastitis in cattle using lactoferrin have been attempted. It is reported that the plasma concentration of lactoferrin may be a useful marker of inflammation in cows108). Oral administration of lactoferrin to cats suffering from stomatitis due to FIV infection has been shown to be therapeutically effective107) and this seems to be attributable to its inhibition of secondary bacterial infection or its activation of the immune response involving PMN.
It is very interesting that fish are influenced by bovine lactoferrin although it is not yet known whether a lactoferrin-like protein exists in fish. Lactoferrin has been shown to enhance the host resistance to bacterial infection and to reduce the stress response in many kinds of fish54), such as rainbow trout, red sea bream, carp and goldfish, and the Kuruma prawn Penaeus japonicus62). In association with this nonspecific host defense activity, lactoferrin has been shown to promote the secretion of mucus on the body surface of the fish. It was also found to induce an increase in nonspecific defensive factors secreted in the mucus, and an increase in the number of granulocytes and lymphocytes in the blood, and the activation of phagocytes and activation of the alternative complement pathway.
Recombinant lactoferrin Recombinant human lactoferrin has been expressed in plants, such as rice6,70,127), tomato6) and tobacco153), in baby hamster kidney cells32), microorganisms145), and insect cell lines71,105). For clinical and commercial applications of lactoferrin, recombinant human lactoferrin has been produced on a substantial scale by fermentation using A. niger var. awamori with yields of 5.0g/l fermentation medium43). In this case, there appear to be no differences between the recombinant product and natural human lactoferrin, except in terms of N-glycosylation and the degree of saturation with metal ions. These differences are not likely to affect the physical structure, the biological functions or the safety of the molecule.
Assays of the antimicrobial activity and receptor binding ability have shown that both the recombinant product and natural human lactoferrin have identical potency.
Therefore, human clinical trials are underway for a variety of indications taking advantage of the antiinflammatory and antimicrobial actions of human lactoferrin.
Transgenic cattle harboring a construct consisting of the genomic human lactoferrin gene under the control of a bovine casein promoter have been generated and recombinant human lactoferrin has been expressed in the milk of independent animals and their female offspring at concentrations varying from 0.4 to 2.5mg/ml61).
Human lactoferrin has also been expressed in transgenic mice and was secreted in the milk at a level in the range of 0.06-6.6mg/ml59) Commercial applications of lactoferrin Lactoferrin has been used in formulated milk powder for infants with the expectation of contributing to the babies' defense system in the gut against harmful microorganisms, i. e., inhibition of the growth of Enterobacteriaceae and promotion of the growth of bifidobacteria. Several kinds of lactoferrin tablets are now commercially available to promote or maintain human health. Lactoferrin saturated with excess iron is expected to be useful as an iron supplement to prevent anemia.
Many kinds of commercial products containing lactoferrin are now being developed and some have appeared on the market (Table 4) , such as make-up and cosmetics for facial skin, chewing gum and infant formula.
It is reported that oral administration of lactoferrin to cats suffering from stomatitis due to FIV improved the clinical signs of pain and inflammation107) as mentioned in the previous section. Lactoferrin is now being used as an animal food supplement for therapeutic purposes, not only for cats and dogs but also for other animals such as elephants in the zoo. A mixture of lactoferrin, lactoperoxidase and immunoglobulins isolated from bovine milk by membrane treatment is commercially available for use in feed additives or calf milk replacers.
It is expected to be effective in decreasing the incidence of diarrhea and in promoting the growth of young calves. Lactoferrin is also being used in fish cultivation to prevent or cure diseases in fish.
For the industrial production of bovine lactoferrin, this protein is being isolated mainly from cheese whey or from skim milk at manufacturing facilities in New Zealand and Europe. The price of lactoferrin imported is supposedly 80,000 to 100,000 yen/kg. Conclusions Lactoferrin shows many kinds of marvelous biological activities in vivo and in vitro. It is evident that lactoferrin is a multi-functional protein, although not all of its functional properties could be described in this brief review. Moreover, it is very difficult to explain all of the phenomena reported without any inconsistency.
On the other hand, this multifunctionality of lactoferrin has attracted many researchers in various fields, i. e., from basic/academic fields to applied fields, as listed in Table 4 . Taking advantage of its biological activities, serving to bolster host defense mechanisms, lactoferrin is now being used in various foodstuffs and therapeutic products. Lactoferrin is thought to be a very safe substance when consumed orally because it is originally present in mother's milk. 
